Considering the error accumulation problem of a pure inertial navigation system (INS) under the condition of satellite signal outages, this paper proposes a brain-like navigation method based on a navigation cell model of the hippocampus to improve the accuracy and intelligence of the INS. The proposed method employs vision to acquire external perception information as an absolute reference for INS position error correction, which is established by analyzing the navigation mechanism of the rat brain. The prominent advantages of the presented method include: (1) a remarkable effect in reducing the accumulated errors of INS can be obtained; and (2) a hardware implementation procedure of an INS/vision brain-like navigation system on a single-chip microcomputer is designed and established, which makes possible the engineering application of the brain-like navigation system by providing technical detail. Also, an outdoor vehicle test is carried out to verify the superiority of the proposed INS/vision brain-like navigation system in position measurement. Finally, the optimal performance shows the effectiveness of the proposed method in accumulated error correction and accuracy improvement for INS.
Introduction
Nowadays, navigation technology has an increasingly profound impact and changes our lives in various aspects, from deep sea voyage to soaring in the sky. Even in an unfamiliar environment, we can easily get the current location and reach the destination with the help of navigation maps, which are mainly based on global positioning system (GPS) [1] . Nevertheless, we may be confronted with satellite signal outages in some locations, such as urban canyons, tunnels, deep mountains and forests, and so on. [2] . An inertial navigation system (INS) demonstrates its unique superiority in various application scopes, which is embodied in a high degree of autonomy, being independent of external information, using no radiation energy, and being applicable in all weather conditions [3] . However, due to integral calculation, navigation errors gradually accumulate with time, and then the long-term accuracy of an INS is difficult to guarantee. In addition, inertial sensors are unable to perceive external information, which means that the INS cannot eliminate the accumulated errors through its own perception.
To reduce accumulated navigation errors and improve the intelligence of an INS, researchers have found that navigation strategies combining one or more navigation technologies with the INS (1) The INS/vision brain-like navigation model is proposed. In our model, the camera is employed for environmental perception as the eyes of animals, and the INS is used for velocity and position measurement as the path integrator based on the speed cell model. The place cell nodes are established by storing feature scene pictures in the system and associating them with corresponding accurate position information. When the carrier moves, the images captured by the camera are matched with the stored feature scene pictures. When the match is successful, the place cell node is triggered, and its corresponding accurate place information is fed back to the INS to correct the accumulated position error. At the same time, the INS adjusts the path integration mechanism to reduce the error of the path integrator. ( 2) The INS/vision brain-like navigation system is built on an STM32 single-chip computer and LattePanda (a kind of card-type computer). The complete circuit board includes the main controller, namely STM32, and two main functional components, which are the INS and the camera based on LattePanda. The main board is composed of an ADC analog-to-digital conversion chip, Bluetooth module, various voltage regulating circuits, and so on. STM32 and LattePanda communicate through the serial port. The hardware system can realize real-time information processing of the proposed brain-like navigation system.
The paper is organized as follows: Section 2 briefly describes the concept of speed cells and place cells, and proposes the INS/vision brain-like navigation model. Section 3 introduces the hardware design. Experiment and comparison results are shown in Section 4. The paper ends with a conclusion in Section 5.
Brain-like Navigation Model

Speed Cells
It had been found long ago that birds can control the time to arrive at their destination when migrating, and desert ants can grasp the speed of navigation well when they are foraging, which demonstrates that they can obtain speed information through perception [14] [15] [16] . Fyhn and Hafting studied the phenomenon of free movement of rats in their space environment, and found that neurons with specific discharge activity occurred in different environments. Repetitive discharges occur in a specific region of the spatial environment, and numerous discharge fields of the neuron cell overlap into one node. During the movement, the discharge rate of the particular cell is in proportion with the motion speed. Specifically, it is independent of the direction of movement and the surrounding environment, but only related to the speed of motion. Thus, they are called speed cells, and Figure 1 shows the schematic diagram of speed cell discharge. LattePanda communicate through the serial port. The hardware system can realize real-time information processing of the proposed brain-like navigation system.
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It had been found long ago that birds can control the time to arrive at their destination when migrating, and desert ants can grasp the speed of navigation well when they are foraging, which demonstrates that they can obtain speed information through perception [14] [15] [16] . Fyhn and Hafting studied the phenomenon of free movement of rats in their space environment, and found that neurons with specific discharge activity occurred in different environments. Repetitive discharges occur in a specific region of the spatial environment, and numerous discharge fields of the neuron cell overlap into one node. During the movement, the discharge rate of the particular cell is in proportion with the motion speed. Specifically, it is independent of the direction of movement and the surrounding environment, but only related to the speed of motion. Thus, they are called speed cells, and Figure 1 shows the schematic diagram of speed cell discharge. 
Place Cells
The position of a vehicle can be obtained by a speed integral. Naturally, the speed error will cause position deviation accumulation, which is not the desired phenomenon during navigation. Also, the position error cannot be compensated for without external environment constraints. Actually, it has been found that sea turtles use landmarks to form maps, providing place constraints during their long-distance travel. Saharan Desert ants are able to cross the desert and return to just where they started, because a large amount of landmark information forms a map, by which they can construct place constraints [17, 18] . O'Keefe found place cells in the upper reaches of the mammalian hippocampal region, and also found that the activation of place cells corresponds to certain areas in the environment. All location cells are linked together in a certain way, forming a spatial cognitive map, as shown in Figure 2 .
As shown in Figure 2 , when the rat moves into a certain place, the cell group A is activated, and the other cells are dormant. When the rat moves into another place, the cell group B is activated and 
As shown in Figure 2 , when the rat moves into a certain place, the cell group A is activated, and the other cells are dormant. When the rat moves into another place, the cell group B is activated and other cells are dormant. The yellow dots represent a set of activated cells, with only one region of the site cells activated, and the gray lines represent the rat's trajectory. 
INS/Vision Brain-like Navigation Model
Biological research shows that single navigation cells cannot help animals to travel long distances. The process of sensing velocity by speed cells and integrating it to obtain position information will produce serious accumulation errors, which will make the travel farther and farther away from the destination during long-distance journeys [19] . The place cells can be used for location by identifying landmarks. However, the landmarks are not continuous and there is no fixed distance between them. Just relying on landmarks will lead to many detours. To accurately reach the destination, animals travelling far away combine multiple navigation cells together. The position information is obtained by the integral of velocity perception information from the speed cell. Also, the position error induced by the integral calculation can be corrected by a place cell by means of perception of the external landmark information.
For a pure INS, the attitude, velocity and position information can be obtained by an integral using the measured angular velocity and acceleration. As navigation information is obtained by integration, the error increases with time, resulting in the gradual decrease of navigation accuracy. To reduce the error accumulation, and inspired by animal navigation cell models, we propose the brain-like navigation model based on an INS and vision navigation. Among them, the INS module is similar to the speed cell, used to obtain the position information by the integral of the measured velocity. The vision navigation system is similar to the place cell, using scene matching to identify the landmark and to further correct the position accumulation error of the INS. The hardware system of visual navigation based on a LattePanda development board and the INS based on an STM32 are also built, as shown in Figure 3 . The specific procedure is to transplant the image matching algorithm into the LattePanda development board. The vision navigation system matches the real-time acquisition images with the pre-stored images. When the match is successful, the place information of the pre-stored image, as the current place information, is fed back to the INS through serial communication to correct the INS system. Then, the INS computation process renews at the current place. At the same time, the INS path integrator is compared with the visual matching place node to consider the sources of error. Based on this, the path integral is adjusted to reduce the errors, as shown in Figure 4 . By using this method, the accumulated errors of the INS can be effectively eliminated, and the accuracy of navigation can be improved. 
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The velocity signal is a continuous variation. Since the s collected by the single-chip microcomputer is a discrete signal, the calculated velocity information is also a discrete signal.
V is the velocity of every t Δ in t time, and X is the travel distance in time t . 
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Since there is no regular change of acceleration in the course of motion, the acceleration cannot give a definite relation. 1 a , 2 a , 3 a , ……, 1 n a − stands for the actual acceleration per t Δ in time.
We substitute Equation (3) into Equation (2): 
X V t V a t t V a t a t t V a t a t a t a t t
The cumulative error of the INS location is mainly caused by the error of accelerometer. obtained by the INS is as follows: As shown in Figure 4 , after successfully matching the scene with the vision navigation system [20] [21] [22] , the accurate place information X 2 of the pre-stored scene is sent to the INS. The INS system is also integrated to obtain place information X 1 . At the same time, the total time t from the last place node to the currently successfully matched location is recorded. By subtracting the calculated place information X 1 from the accurate place information X 2 , we can obtain the accumulated error X err during time interval of t. The accumulated error is obtained by:
The velocity signal is a continuous variation. Since the s collected by the single-chip microcomputer is a discrete signal, the calculated velocity information is also a discrete signal. V 1 , V 2 , V 3 , V 4 , . . . , V n is the velocity of every ∆t in t time, and X is the travel distance in time t.
Since there is no regular change of acceleration in the course of motion, the acceleration cannot give a definite relation. a 1 , a 2 , a 3 , . . . , a n−1 stands for the actual acceleration per ∆t in time. We substitute Equation (3) into Equation (2):
The cumulative error of the INS location is mainly caused by the error of accelerometer. a 1 , a 2 , a 3 , . . . , a n−1 is converted to the geographic coordinates of acceleration, and the error of the accelerometer is assumed to be equal to a err in a short period of time. Thus the location X 1 obtained by the INS is as follows:
Substituting Equations (5) and (6) into Equation (1):
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Hence:
In the STM32 single-chip microcomputer, the calculation frequency of the INS is set to 40 Hz. Thus,
Substituting Equation (9) in Equation (8):
Due to the accumulation of errors, the velocity of t moment has deviated from the true velocity. In order to reduce the error in the later calculation, the velocity V t of t time should be calculated again by using the saved acceleration information.
Put Equation (6) in Equation (11):
The V t is closer to the true value, so it can be used as the starting velocity of the next stage, which provides a guarantee for improving the subsequent velocity calculation and place integral accuracy.
Results Construction of INS/Vision Brain-like Navigation Hardware System
The block diagram of the INS/vision brain-like integrated navigation system is shown in Figure 5 , which is mainly composed of the inertial navigation system and the vision navigation system. Substituting Equations (5) and (6) into Equation (1):
Due to the accumulation of errors, the velocity of t moment has deviated from the true velocity.
In order to reduce the error in the later calculation, the velocity t V of t time should be calculated again by using the saved acceleration information. 
Put Equation (6) in Equation (11): 
The t V is closer to the true value, so it can be used as the starting velocity of the next stage, which provides a guarantee for improving the subsequent velocity calculation and place integral accuracy.
The block diagram of the INS/vision brain-like integrated navigation system is shown in Figure  5 , which is mainly composed of the inertial navigation system and the vision navigation system. 
Construction of the INS Hardware System
The inertial sensors used in the hardware system comprise an accelerometer (1521L-010, measurement range: ± 10 g) and a gyroscope (STIM202, measurement range: ± 400 • /s). The 1521L-010 accelerometer is powered by ± 5 V with low noise and high stability, and the sensitivity is 200 mV/g. It is noted that the output signal is an analog value which can be converted into a digital signal by an analog-to-digital converter (ADC) chip. The ADS131a04 is an ADC that has low power, four channels, simultaneous sampling, is 24-bit, has delta-sigma modulation and the output rate is 128 K samples per second (SPS). In addition, synchronous acquisition of data depends on the output protocol of the serial peripheral interface (SPI). Compared with other transmission modes, such as the inter-integrated circuit (IIC) or the universal asynchronous receiver/transmitter (UART), the SPI transmission rate is faster, which makes it more suitable for real-time calculation of navigation parameters.
Serial Data Collection
In the process of serial data collection, the RS422 interface is used as the transmission mode of STIM202. As we all know, RS422 has high anti-interference ability and avoids the interference of noise in the transmission process, and the transmission rate can up to 460,800 bits/s. The serial port interrupt mode is applied to receive data. It is noted that the interrupt priority level is set to the second level. In addition, in order to avoid mutual interference between the data, the frame head and frame tail of the data are set to trigger the receiving mode of serial data communication. Furthermore, we can determine whether the received data has an error code or not by judging the number of significant bits of the received data.
The Construction of the Vision Navigation Hardware System
The vision navigation system is based on the Swiss core LattePanda expanding board with a main frequency of 1.8 GHz. It has a rich I/O interface. LattePanda records video by the time through the camera, and matches the video with the picture node based on an image matching algorithm [23] , then the precise position coordinates are sent to the STM32 single chip through the serial port after successful matching.
The Construction of the Brain-like Combined Hardware System
The design of the core board mainly takes STM32 as the control unit. The circuit board integrates the INS system, vision navigation system and other sensors, and the core board mainly comprises a Bluetooth module, LED circuit, various stabilized modules, RS244-to-TTL circuit, SPI interface, and so on. The microprocessor processes the data from sensors, and calculates the position, velocity and attitude of the motion carrier.
This program depends on the timer of the STM32, and the interrupt mode can be triggered every 25 ms. The timer count frequency f 1 is:
In this case, the working frequency of the STM32F103VGT6 is as high as 84 MHz, and the timer count frequency is 10 kHz.
The interrupt time is: t br = num /f 1 = 250 /10k * 1000 = 25ms.
For a total number of 250 counts, the interrupt time t br is 25 ms.
Experiment and Verification
In order to verify the performance of the INS/vision brain-like integrated navigation system based on an STM32 and LattePanda, the on-board test is carried out using a high-precision fiber-optic INS/differential GPS system as a reference, and the experimental trajectory is recorded from the Science Building to Longshan Restaurant, and Fifth Gate to the Science Building, of the North University of China, Taiyuan, Shanxi Province, China. The setup of the experimental platform is shown in Figure 6 . It is noted that the geographical location of the experiment is 38.02 • N latitude (L 0 ) and 112.44 • E longitude (λ 0 ).
For a total number of 250 counts, the interrupt time b r t is 25 ms.
In order to verify the performance of the INS/vision brain-like integrated navigation system based on an STM32 and LattePanda, the on-board test is carried out using a high-precision fiber-optic INS/differential GPS system as a reference, and the experimental trajectory is recorded from the Science Building to Longshan Restaurant, and Fifth Gate to the Science Building, of the North University of China, Taiyuan, Shanxi Province, China. The setup of the experimental platform is shown in Figure 6 . It is noted that the geographical location of the experiment is 38.02° N latitude ( 0 L ) and 112.44° E longitude ( 0 λ ). The starting point of the first experiment is 38.01776° N latitude and 112.44491° E longitude. The vehicle test is terminated at the intersection after heading south and then heading east at the first crossroads, which can be seen vividly in Figure 7a . The starting point of the second experiment is from Fifth Gate at 38.01331° N latitude and 112.44529° E longitude to the Science Building, which can be seen vividly in Figure 7b .
In addition, four place cell nodes are set up in the whole path, and all of them are successfully matched. When the place cell node is activated, the accurate place information stored by the place cell node is fed back to the INS, so as to correct the accumulated position error of the INS, which can be seen in Figure 8 . In total, the experiment is carried out over 462 m and lasts 4 min. The experimental results are shown in Figure 8 and Table 1 .
To further verify the proposed method, another experiment is conducted. The experimental trajectory is also in the campus of North University of China but with a different trajectory, which is from Fifth Gate to the Science Building. In this experiment, three place cell nodes are set up, and the experiment traveled about 500 m, which is shown in Figure 9 . It can be directly seen that this time, the vehicle traveled in a straight trajectory, which is different from the previous trajectory. The place experiment results of latitude and longitude are given in Figure 10 . In addition, four place cell nodes are set up in the whole path, and all of them are successfully matched. When the place cell node is activated, the accurate place information stored by the place cell node is fed back to the INS, so as to correct the accumulated position error of the INS, which can be seen in Figure 8 . In total, the experiment is carried out over 462 m and lasts 4 min. The experimental results are shown in Figure 8 and Table 1 . To further verify the proposed method, another experiment is conducted. The experimental trajectory is also in the campus of North University of China but with a different trajectory, which is from Fifth Gate to the Science Building. In this experiment, three place cell nodes are set up, and the experiment traveled about 500 m, which is shown in Figure 9 . It can be directly seen that this time, the vehicle traveled in a straight trajectory, which is different from the previous trajectory. The place experiment results of latitude and longitude are given in Figure 10 .
Figures 9a and 11 represent the motion trajectory of the vehicle. In order to highlight the efficiency of the proposed brain-like navigation method, several different solutions are also investigated for comparison, which comprise the pure INS mode method and the traditional image matching correction method. From the Figure 9a , we can see that the position error based on the pure INS system is accumulated obviously as time goes on, and the position measurement accuracy is improved obviously compared to the pure INS mode after adding the image matching correction method. In addition, it is noted that the red line in Figure 9b ,c represents brain-like corrected trajectory errors, and the position error estimated by the brain-like navigation method is fed back to the INS to correct position accuracy according to the proposed method. It is obvious that the positioning result is improved and closer to the true value of high-accuracy trajectory. Table 1 , we can see that the mean error of latitude calculated by the traditional image matching correction method is reduced by 61.6% compared with the pure INS mode, and the mean error estimated by the brain-like navigation method is reduced by 15.5% compared with the traditional image matching correction method. In terms of longitude error estimation, the error obtained by the traditional image matching method is reduced by 2.7% compared with the pure INS method, and the error obtained by the brain-like navigation method is reduced by 1.6% compared with that of the traditional image matching correction method.
At the same time, the root-mean-square error (RMSE) and standard deviation (SD) of the position estimated by the brain-like navigation method are smaller than the traditional image matching correction method and pure INS mode. In a word, the above experimental results prove the validity and correctness of the proposed brain-like navigation method.
is the pure INS position error, the green line is the position error based on the traditional image matching correction method, and the red line represents the error obtained by the brain-like navigation method. As we can see from the Figure 9b ,c, the position error estimated by the brain-like navigation method is improved compared with the traditional visual correction method and the pure INS mode. From Table 1 , we can see that the mean error of latitude calculated by the traditional image matching correction method is reduced by 61.6% compared with the pure INS mode, and the mean error estimated by the brain-like navigation method is reduced by 15.5% compared with the traditional image matching correction method. In terms of longitude error estimation, the error obtained by the traditional image matching method is reduced by 2.7% compared with the pure INS method, and the error obtained by the brain-like navigation method is reduced by 1.6% compared with that of the traditional image matching correction method.
At the same time, the root-mean-square error (RMSE) and standard deviation (SD) of the position estimated by the brain-like navigation method are smaller than the traditional image matching correction method and pure INS mode. In a word, the above experimental results prove the validity and correctness of the proposed brain-like navigation method. 
Conclusions
Based on the principle of animal brain navigation cells, a novel INS/vision brain-like navigation method is proposed to improve the position measurement accuracy of an INS by establishing a brainlike navigation model and introducing visual information. Compared with traditional pure INS measurements, the proposed method eliminates the accumulative error of the INS by correcting the 
Based on the principle of animal brain navigation cells, a novel INS/vision brain-like navigation method is proposed to improve the position measurement accuracy of an INS by establishing a brain-like navigation model and introducing visual information. Compared with traditional pure INS measurements, the proposed method eliminates the accumulative error of the INS by correcting the place at the node through visual matching. Additionally, the position error estimated by the proposed method is fed back to the INS to reduce the error accumulation. The experiment results show that the proposed method can effectively reduce the error accumulation of the INS and improve the position measurement accuracy.
